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Introduction

SThe work of this contract was intended to develop the atmospheric
medel which integrates the emission and the scattering term in a combined
form and to provide analysis of the earth atmospheric emission data gathered
by the SPIRE payload in these two terms.

OQur work performed throughout the entire period can be divided into

five areas:

{1) incorporation of various computer programs designed to
calculate the atmospheric infrared emission level under a
specific condition;

(2) improvement of the algorithm employed in these programs;

(3) development of an atmospheric infrared radiance model which

unifies the emission and scattering term;
application and evaluation of the developed model to analysis
of the SPIRE data; and

(5) evaluation of some preliminary test data for the coming AFGL
balloon-borne atmospheric emission measurement experiment.

The SPIRE experimentlwas carried out during 1978, and the collected

data were made available to us in late 1978. Our effort during the early
phase of the contract period, i.e., prior to the SPIRE launching, was

focused in the area of (1) and (2). Our Scientific Report No. 1 summarizes

2
our progress made during the early phase. The present report will describe
r *——-‘—.—1
our work covered in the entire period, with a special emphasis on the -

1]
progress made since the last report. ,

n
Upon inspection of the SPIRE data, it became obvious to us that the o
! —_— ]

existing computation programs are much more elaborate than required in the ———————-
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analysis. A quick check on the observed scattering radiance level revealed

3,k
that the single-scattering theory with the Rayleigh particleg produced a

result adequate for the analysis. The Monte Carlo code developed by
Blattner and his co-workggg’g; found unnecessary for the analysis, because
the computation based on the single scattering process produced a result
which agrees, reasonably well, with the SPIRE observed data. The existing
computation programs treat the scattering process entirely separately from
the absorption-emission process. We find them rather inadequate for
explaining why some molecular bands change their absorptive behavior
against the scattering background to become emissive as the altitude
increases. A theory which unifies both processes in the radiative
formulation is definitely needed for the analysis. A limit placed on time
restricted us to develop a computation algorithm which generates the
spectral radiance level as a function of frequency and an observation
condition in an automatic fashion. We feel that we are on the right track
for seeking a solution to the problem. Nonetheless, we came to understand

the basic radiative mechanism of the upper atmosphere with an extent that

we can place a proper perspective to the analysis of the SPIRE data.

Radiative Process

The radiative transfer in the atmosphere is traditionally analyzed in
treating the infrared radiation field as a continuous flow of radiative
energy. The interactions between the radiation field and the atmospheric
gas is formulated in an integral equation. Several computer programs have
been written for analysis of the radiation transfer problem. Our approach
taken in the present study is slightly different from the traditional

analysis. We tried to analyze the radiative transfer in the upper atmosphere

in following the interactive process between the photons and molecules.
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The photons incident into a layer of atmosphere would go through one

of three processes: (1) they may be absorbed by the atmospheric molecules

. or atoms; (2) scattered by the Rayleigh particles or by the aerosols; and

(3) 1eft unperturbed. We can formulate these interactions between the

photon field and the molecular system in terms of the density of these two

interacting partners and a quantity which indicates a strength of the

interaction.

The interaction between the photons and the molecules (or the atoms)
8
in the absorption process is specified by Einstein's formulation. The

number of molecular transitions Nt in unit time per unit volume, when

interacting with the photons of a frequency v, is given by

N, = (NEBgu-NuBul)p(v). (1)

In this expression, the following notations are used:

Nz: number of molecules per unit volume in lower state g
Nu: number of molecules per unit volume in upper state u
Bzu: Einstein coefficient for induced absorption

Bul: Einstein coefficient for induced emission

p(v): spectral density of the radiation field in unit volume at
frequency v

The density p(v) is related to the photon density Np given in unit volume

per second by

%p(\)) = N hv, (2)

where h is the Planck constant and c is the speed of light. Combining

Eqs. (1) and (2), the molecular transitions N, is given by

u uf

_ LN hv
Ny = (M By NBuy) _.;L (3)

This expression can be rewritten by using the molecular absorption
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strength SZu (eross-section)

! N, = thNoslu, (%)
where }
-

] ! Sgu = hV(NZBzu NuBul) . hvE (1 Nu) (5)
( Noc c fu Nl .

with N_ the number of molecules in unit volume. In deriving Eq. (5), it is

assumed that

No = NQ. (6)

The Eq. (4) derived above specifies the number of molecular transitions
Nt in the photon density Np, the molecular density No’ and the molecular
absorption strength Szu which is experimentally determined in the laboratory.

l The scattering process can be formulated in the same wa.y.h A traditional

a approach is somewhat different in that the incident radiation field is given

; in the irradiance; the power scattered toward the direction ¢ by a molecule
{ is given by

a (6)E = I(e), (1)
i where EO is the irradiance of the incident plane wave. We can formulate the
~! incident irradiance by
E =N hv, (8)

[ (o] p
again using Np’ the photon density in unit volume per unit second. Now we

( -

find that the power scattered by a molecule is given by

- —— -
R s .

1(¢) = Nphv om(¢). (9)

The radiative power scattered toward the direction ¢ per unit solid angle by

- —— W

an ensemble of molecules No in unit volume is given by

R A

I'(¢) = N hv Npom(¢). (10)

Thus we get the desired form for the number of photons scattered toward the

.L;:kp- — - Y - ) T SR T R, S N N
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direction ¢;

Np(cb) = NoNp"m(“’)' (11)

For the Rayleigh scattering, the scattering cross-section is given by

2
2.,k 2_
o (¢) = T a1y 52 (12)
m N2¢%* n2+2
L bm2v2

-~ (n-1)2 sin? ¢
N<e

where N is the number of molecules in a unit volume at 3.T.P.

The energy absorbed by a molecule from the radiative field is sooner
or later released from it in a de-excitation process. In the upper
atmosphere, the de-excitation is done by the radiative process. The
photon absorbed by a molecule is re-emitted to the radiation field
isotropically. 1If the original absorption occurs between the ground state
and the first excited vibrational state, there is no significant change in
the photon energy of the absorbed and of the re-emitted. In the lower
atmosphere, a local thermal equilibrium is established; the energy aksorbed
by a molecule is dissipated into the kinetics energy shared in the molecular
ensemble. The interaction between the molecular ensemble and the radiation
field under the lccal thermal equilibrium condition is treated below in
calculation of the photon density. The de-excitation under this condition
is done predominantly by the collisional process. 1In a transient region

from the lower to the upper atmosphere, the molecular system de-excites by

becth processes.

Photon Density in Atmosphere

There are two radiaticn sources which must be considered in the infrared
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radiative process of the atmosphere: the solar radiation penetrating the

atmosphere from the top, and the radiation going upward to escape to the
outerspace from the earth's surface. The energy density p(v)dv of the

black-body at temperature T is given by

8rhv? d
p(v)dv = —1;2—'7§§—- (13)
ekT-l

The rhoton density Np in unit volume per unit second per wavenumber interval

do emitted by the same blackbody radiator is

< (v)a
l\npdo—mp\) v
- 2mve do - 2nole do (14)
c hoe hco ‘

k
kT_l e T

e -1

For the telluric radiation, the photon density is calculated by taking T at
a value between 225°K and 300°K. For the solar radiation, it is calculated

by the same expressicn wilh an attenuation factor;

2
r AL D
S ongee
(R ) heco (15)

T
e k -1

N =

Pa s

where r is the solar radius and Rs is the solar distance, T is about 6000°K.
The front factor (rs/RS)2 is approximactely 2.2 x 10—5. In Figure 1, the
photon density for three cases is plotted as a function of the wavenumber o:
{1) the solar radiation calculated by Eq. (15), (2) a blackbody at T = 300°K,
and (3) a blackbody at T = 225°K. The telluric photon density in the upper
atmosphere is affected by the optical thickness of the lower atmosphere. 1In
some spectral ranges, there is no atmospheric molecular sbsorption, and the

photon density for the 300°K blackbody remains unaffected from the earth's

surface to the top of atmosphere. In a region where the atmospheric

6
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absorption is extreme, the photon density in the upper atmosphere is

controlled by the energy density of the blackbody radiation at the tropopause

é temperature T = 225°K. We can observe in Figure 1 that the molecules and the
1
atoms in the upper atmosphere are excited by two types of radiations which

|

i

?

}' ‘ have a vastly different spectral characteristic. The telluric photon density
| 0 remains unaffected by the solar daily motion. The photons in a region below

2000 cm_l are predominantly telluric, while those in a region above 2000 cm-l

' in the daytime asre solar.

0
| The emission due to the CO2 transitions, one for the (OllOl—OOOOl} band
|

! at 670 cm_l (the v, band) and another for the (00011-00001) band at 2300 em

1

(the v3 band), is ready for a qualitative analysis using the photon density
calculated for the curves shown in Figure 1. (A more detailed quantitative

analysis will follow later in the report.) Once accepting the photon

- —

spectrum shown in Figure 1, we find that the photons available for exciting
the v2 band are telluric. The temporal characteristics of the telluric
photons remain independent of the daily cycle. Thus the v2 {01101-00001)

band emission at 670 cm-l must remain unchanged between the day and the

B el e S R

night time. The SPIRE data shown in Figure 2 for this CO_, band confirms a

2

stationary nature of the emission. The CO2 v3 (00011-00001) band at day

side is excited by the solar photons, and by the telluric photons at night

side. Since the v3 transition 1is very strong, the telluric photons

available in the upper atmosphere are those of a 225°K blackbody. The

=

ey - - W W
B S o A

difference in these two densities between the solar and the telluric is two
orders of magnitude. Thus the radiance level of the transition should undergo a
change of about 2 orders of magnitude between the day and the night. The

SPIRE data in Figure 3 indicates +that the v3 band emission primarily under-

goes the diurnal change described above. Upon a careful inspection of the data,

the radiance level at nighttime is brighter than what can be predicted by the

-
Py

telluric photon level.lT We will make an analysis on this anomaly later in the

report.

.
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Model for Calculating Atmospheric Radiance Level

The expressions obtained above in Eqs. (4) and (11) are concerned with
an individual interacting process in which a single photon is either absorbed
or scattered by a molecule. In this section we will develop a model which
relates the atmospheric radiance level to the basic interaction process
given by these expressions.

The energy absorbed by a molecule in interaction with the photon field
must be released in a de-excitation process. In the upper atmosphere, the
only process available for de-excitation is a radiative process. A question
which must be raised and answered for such a radiative excitation-de-
excitation process concerns an establishment of equilibrium populsation
density among various molecular states. Degges and other workers developed
the computation program capable of giving an estimate of the radiative level
in the normal atmospheric environment at high altitu&t%’l%e are truly
thankful for the existence of these programs which provided a valuable help
to develop our insight into the problem.

We modified the Degges program to suit our needs, and to improve the
computation efficiency in our CYBER system. A brief desceription of our
effort along this direction will be given later in this report, together
with the listing of our modifications. The atmospheric model is judged on
its ability for producing a reasonable estimate of the infrared radiance
level; in particular, it is questioned on precision and practicality.

The computation scheme to obtain the radiance level must find the
equilibrium population distribution which is established among the
vibrational states when the molecular system is subjected to balance with
the photon field. The precision needed in the computation is somewhat

controlled by a spectral resolution of the result. The emission involving

11
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the hot-band transition can be distinguished only with an improved spectral
resolution, because it is usually buried under the fundamental transition.

We decided to ignore these hot-band transitions from our model in a belief
their contribution is not significant to the computation. The assumptions made
in our model* are certainly open for debate and all criticisms to our view-
point are welcome. Our view that all transitions observed in the data

occurred from the ground state, in turn, simplified the calculation to a

great extent. A direct correlation was resulted in our formulation between

the radiance level for a particular tangent height and the molecular density

of the concerned molecular system at this altitude.

The total energy emitted by the molecules in a unit volume through the
radiative de-excitation is equal to the energy absorbed by the same
molecules if that is the only process feasible. The absorbed energy is
given by the number of transition times the photon energy: b' = tht.

The energy released in the radiative de-excitation is emitted isotropically.
Thus the energy re-emitted per a unit area over a unit solid angle is given
by: b =Db'/hg = tht/hn. The photons released from a molecule are very
unlikely absorbed again, since the atmosphere is optically thin.+ Even if
they are absorbed, they are re-emitted in the photon field. The photons
which reach a sensor of a unit area with a field view of a unit solid angle
are computed simply by accumulating the contribution from each unit volume
which falls into a line of sight. Since the optical étendn preserves, the
summation which we must take in the calculation is equal to that of each
contribution b taken over a column of a unit cross-section extending from
the sensor to the space all the way along the line of sight. The radiance

level per unit solid angle integrated over the band is then given by

*See the Appendix D.

+The absorption along the limb-view path of 100 km tangent height is less

than 5% for the (00011-00001) band of C02.

12
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by 7 m

where N is the total number of molecules counted along the line-of-sight
per unit area;

N=/N d¢ . (17)

The density of atmospheric molecules falls off approximately exponentially
with the altitude. If we can assume the density N(h) as a function of

altitude h given by _h'ho
N(h) = N(h) e H (18)

with a characteristic constant H, the total number of molecules between two

altitudes h and ho is given by

h

N(h,h ) = /7 N(h) dh = N(h ) /" e dh (19)
h

@] (o]

n

N(h ) H
(o]

For the limb view calculation, we need to calculate a distance £
between two altitudes, the tangent height x and a height above by H. The

distance £ is calculated by

0= (xeiire) A - (2 o fom) (xe0) (20)

x+H+p
where p is the earth radius (= 6360 km). To calculate the total density N
along a line of sight to the tangent height x, we use the approximation

Egs. (19) and (20):

N =N (x) 2 v2(H) (x+p) (21)

where No(x) is the molecular density at altitude x. With the approximate

total density N derived in Eq. (21) the limb-view radiance at the tangent




height x, is given by an expression
hv
= m—— + .
B - S 1y No(x) 2 v2H(x+p) NP (22)

The expression given by the equation above requires an estimate of the
photon density NP. The value shown in Figure 1 is given in a unit wavenumber
interval. The photons which contribute to the transition are those within

the width of the vibrational-rotational lines. If we take the photon density

to be the value over the band, say 100 em ! for the co, (01101-00001)
transition, we obviously get an erroneous result. The effective photon
density must be adjusted by multiplying an effective number of the rotational
lines within the band times the line width, which we can safely assume the

Doppler width for those in the upper atmosphere.

co2 Bands, (01101-00001) and (00011-00001)

The CO2 molecule is relatively stable in the atmosphere, because neither

electronic transitions nor photo-dissociation occurs in the entire spectral

range below the Schuman-Runge Continuum of O The mixing ratio remains

0"
constant in the atmosphere below 120 km where the O2 absorption is very
effective in blocking those high energy photons in the extreme uv region.

As a result, the equilibrium population distribution is established

among various vibrational levels in the electronic ground state with
insignificant perturbation from higher excited electronic states. The
equilibrium is achieved in balance with the infrared photon field. Under
this condition a major concern must be directed to the equilibrium population
established for the metastable (10001) and (10002) level, which locates

approximately 1300 cm'.l above the vibrational ground level. Since there are

no optical transitions allowed between those and the ground level, a primary

14
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candidate for pumping these levels is the radiationless collisional process
which occurs only in the lower atmosphere. The SPIRE data indicate that the
emission by the (10001-01101) and {(10002-01101) transitions is definitely
observable at low tangent height in both the day and night conditions. At
high tangent height both of the emissions become less distinctive. It may
be concluded that the radiative pumping mechanism for these metastable
states is rather minor. The observation coincides with the results obtained
by the Degges' radiation balance computation program.

The limb-view radiative levels of the observable C02 bands for high-
tangent height are calculated with a reasonable accuracy by the model
developed above. There are two clearly observable CO2 emissions in the
SPIRE data, one for the (01101-00001) band and another for the {00011-00001).
As mentioned above, the emissionsby the (10001-01101) and the (10002-01101)
transitions are observable in the low-tangent-height data. Both the
(10011-00001) and the (10012-00001) band will be discussed together with
the scattering continuum observable in the 3000 em Y A 10,000 em L region.

The radiance levels shown in Figures 2 and 3 are extrapolated from the
SPIRE data by integrating them over the entire band. At a tangent height of

100 km, the (01101-00001) emission is 3 x 1077 (watt/cm2 sterad). Using the

expression given in Eq. (22):

hv S NoN
B =
m™
. . . =7 2 -

our calculation yields 2.0 x 10 watt/cm” sterad. In deriving the value,
we take

hv = 1.32 x 10720 Joule

- - 2 -
5 = 8.3 x10 8 mol l/cm cm
NO = 5 x lOT X 109 for the 100 km tangent height, and

15
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Np =3 x 1015 X Acxn= 3x lO15

x .001 x ko,
the Doppler width Ac calculated by

= 0.001 cm * for o, = 670 cm-l,

and 40 rotational lines as those effectively emitted.

The SPIRE data indicate that the (00011-00001) emission at 100 km tangent
height is 3 x 1077 (watt/cm2 sterad) for the daytime level and 3 x 10_8
(watt/cm2 sterad) for the nighttime level. Our simple-minded calculation
shows that B = 2.1 x 10—7 (watt/'cm2 sterad) for the day data and 2.1 x lO-9

(watt/cm2 sterad) for the night data. In deriving these figures, we take

b x 10°°0 Joule

hy =
S = 9.6 x 10737 mol_l/cm2 em™t
No =5x lOT X 109
13 11 .
Np = 3 x 1077 x .1 for the day and 3 x 107" x .1 for the night.

The observed and the calculated data for the day level agree reasonably well.
The observed nighttime radiance level is about one order of magnitude higher
than our calculation. In Figure 3, a dotted curve shows the nighttime radiance
level calculated by our formulation, Eq. (22). Kumer et a117 analyzed the
nighttime zenith radiance data of the same band (00011-00001), which is shown
in the same Figure. Both nighttime calculations are remarkably similar.

The SPIRE data differ from the data used in the Kumer's analysis in that they
are for the limb view. The total CO2 molecules involved in both data differ
by an order of a magnitude. Thus, the radiance level differs by the same
magnitude. The deviation from the exponential decay line in the radiance
level occurs approximately at the same altitude for both data. Kumer et al

interpreted this anomaly in terms of the extra pumping produced by the

vibrationally excited N2 molecules. The SPIRE data indicates that the

16
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difference of the nighttime radiance level from the earthshine figure is
more pronounced in the high altitude region where the interaction to the
neighbor molecules should decrease. The anomaly in the nighttime radiance
level for this band remains mysterious. We studied a possibility of
observing the emission by the W3Au - B3ng transition of N2 which could be
more intense at the altitude above 100 km because of a higher electron
density there. A radiance level for the transition estimated on a basis of
the known data fails to support the possibility.

Since at a low tangent height the band is completely saturated and the
line structure is lost, the photon density available for the absorption is
no longer adjusted by the effective number of the rotational lines excited
in the band times their width. It is given by the width of the entire band
times the photon density: 200 x 3 x 101t photons/cm2/sec. Taking the photon
energy hv = 4.6 x 10720 Joule, we can estimate that the saturation level is
given by

N _hv

= 0.9 x 10'6 (watt/cmg sterad).

m

17
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Scattering Radiance Observable Between 6000 cm_l and 7500 cm_1 and the

C0,~H,0 Band at 3600 cm~1

The radiance level in a spectral region above 4000 cm-l is strongly
influenced by the scattering process, in particular the level observable
at a low tangent height. For the Rayleigh process the scattering

differential cross-section o(¢) is given by Eq. (12):

2
) sin? ¢ = hnzo“(gﬁi) sin? ¢,

_ 9“20H n2-1
Um(¢) = N2 (n2+l

where ¢ is the optical frequency in cm-l, both n the refractive index of
the atmosphere and N the number density of the air molecule are those values
at the S.T.P. condition, and ¢ is the scattering angle. The factor (Eﬁl) is
a slow varying function of o. The scattering cross-section is thus
predominantly controlled by o and ¢. Figure L shows the front factor
Yr62(n-1/N)2 as a function of o¢. The radiance level obtained by the SPIRE
experiment is compared with the computed value for the Rayleigh scattering
in Figure 5. The observedvalues are replotted as a function of ¢ and of a
tangent height in a unit of watt/cm2 strad cm-l. Irregular structures

vhich can be considered as the molecular absorption or emission are removed
by smoothing out. In the computed values, Np is assumed by the solar value,

3 photons/cm3/S/cm-1. The observed radiative level supports the

3x 10l
computed molecular scattering level even though a minor difference exists,
dependent on the tangent height and the spectral frequency.

The comparison shown in Figure 5 leads us to conclude two characteristic
features of the radiance level in the 3000 ~ 7500 emt range: (1) the
scattering radiance is controlled by the single-scattering process; and
(2) its main mechanism is the Rayleigh process. The aerosol particles

contribute to the over-all scattering process, not significantly even at a

low tangent height of 15 km.

18




——

r i ——

-

e = . W
i A TN s e —————— * s A e e L

—

- ¥ 4

.

A problem which we will discuss below plays a central importance in
calculation of the infrared radiance level in the upper atmosphere. It is
a combined effect of the molecular absorption-emission process and the
scattering process. It was treated rather lightly, if not completely side-
stepped. The computation modeling of the atmospheric radiance developed
to cover a region where only one of these processes is important in the
radiative process. There were no models developed to treat the situation
where the processes are competitive. The data obtained by the SPIRE
experiment is in fact the first to observe the radiance level generated by
these processes in competition. The data revealed an extremely remarkable
feature for the radiance level in the region of the H20-C02 2.7y band
(3600 ~ 3800 cm_l). The radiative level observed in the 15 km tangent
height data shows an absorptive feature for the band, while that in other
data shows an emissive feature. The radiance level remains rather
stationary at 1077 (watt/cm2 strad u) or 7.5 x 1071 (watt/cm2 strad cm_l)
over a wide range of the tangent height from 15 km to 41 km.

By means of the molecular absorption process the molecule is excited
to a higher vibrational state in interacting with the radiation field. The
energy absorbed by the molecule in the excitation to a higher vibrational
state is equal to that supplied by the photon field. During the de-excitation
stage, the same amount of energy is released. Dependent on the environmental
surround to the molecule, the energy release takes place to the photon field
or to others. If the interaction with the photon field dominates the de-
excitation process, there is no net energy loss in the photon ensemble.

The absorbed energy from the photon field is released back to the photon

field by the de-excitation process. When the collisional process dominates

the de-excitation process, the energy absorbed from the photon ensemble is
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not released back. The photon density in the ensemble decreases until the
photon ensemble reaches a thermal equilibrium with the molecular ensemble.
The photon density which is established under a thermal .equilibrium is given

by the expression which was used to compute the values for Figure 1:

- 2nole

P hoe
kT
e -

N
1
The radiative level observable from such an ensemble of the photons and

the molecules is given by

The stationary emission observed for the 2.Tu H20-CO2 band corresponds
to the situation described above. What we can observe is the photons

generated by the H O-CO2 band which are in a thermal equilibrium at the

2
tropopause temperature. Using the blackbody photon density Np .92 x lO7
-1 ° -20
at 3600 cm and 225°K, and the photon energy hv 7.1l x 10 Joule at

11 watt/cm2

11

3600 cm-l, the saturation level I is calculated as 2.1 x 10~
sterad em T. With assuming T = 260°K, the computation yields 5 x 10~
watt/cm2 steradcm_l. This value is independently determined from the
internal excitation-de-excitation mechanism of the molecular system.
Whenever the molecular system establishes a thermal equilibrium with the
environment under the saturation absorption condition, the photon field must
be in an equilibrium with it. The stationary photon flux observed for the

2. Tu H20~CO band represents this situation, as was the case for the CO2

2
(00011-00001) transition at lower altitude. If the saturation photon flux
is larger than the scattering photon flux, the radiance level of the band

in question is emissive. If it is smaller, the radiance level is absorptive.

20
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In both cases, the radiation level remains constant.

The Radiance Level of a Molécular Band

In the last two chapters, we discussed the saturated radiance level of

the v3 band of 002 and of the 2.7y H

flux under the saturation conditions is given by the blackbody radiation

20—002 band. We found that the photon
formula; i.e., that the molecular system and the photon ensemble come to
establish a thermal equilibrium. For a given molecular band, there exists
a critical altitude that the photon density is completely specified by the
blackbody radiation formula independent from the vibrational-rotational
transition. In the atmosphere above the critical altitude, the photon
density is specified by the molecular transition equation, Eq. (4):

Nt =4 NONSS.
A sensor placedvery high in the atmosphere collects the photons generated
by the molecular transitions which occur along a line-of-sight. With the
approximation of a thin optical density air, the total molecular transitions
which contribute to the observation are given by integrating the transitions
Nt along the path:

N= N dg. (23)
Under the approximate expression derived for an observation at a tangent
height x, we calculate the total density per a solid angle per a unit cross-

section by

N S
N(x) = —T;R- N (x) 2 VZH(x+p) . (o)

In deriving the equation above, an assumption is made that the photon density
Np responsible for exciting the molecular transition is constant along the
path. 1In a spectral region below 2000 cm_l where the telluric photons at

the tropopause temperature control the excitation, the assumption is obviously

23




well Justified. In a higher cm_l region where the solar photons are

dominant, a blackbody temperature corresponding to the solar photon density
is much higher than the tropopause temperature as seen in Figure 6. The .
radiance level of the molecular emission reaches a maximum plateau at the
saturation photon density specified by the temperature of tropopause. Thus
the molecular transitions, even when they are integrated along a long path,
are much less than the solar photon density flux which has a temperature
much higher than the saturation photon temperature. The loss caused by the
molecular transition along the path is therefore much smaller than the total
solar photon density, and a constant photon density is maintained, as assumed
above. This justification obviously breaks down as the radiance level
approaches the saturation level.

In a non-saturating region, we find that the observable photons given by
Eq. (22) are controlled by the factor N(xo), the molecular density at the
tangent height X. In the first-order approximation, the radiance level at a
particular tangent height gives the density of the observing molecule at that
altitude. For a stable molecule, its density decreases exponentially as a
function of the altitude. We can model the radiance of a molecular band, as
shown in Figure T, by an exponential function with a plateau at the critical
altitude. The model certainly agrees with the radiance data collected by the
‘ SPIRE for the Vo band of 002.* The computed results by the Degges program as

well as by the LOWTRAN for various bands support this model.

! *The atmospheric soundirg technique currently experimented uses this model.

: It is to observe the saturation photon density at the critical altitude, which
z varies from a spectral region to another as a function of the absorption

) strength. The observed radiance level gives a local equilibrium temperature

" at the altitude. An atmospheric sounding program proposed to NESS will use
the (01101-00001) and (00011-00001) tramsitions of CO,.1

2L
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In the upper atmosphere, the radiance level is thus dictated directly
by the molecular density. A deviation of the radiance level from the
exponential decay is expected if the molecular concentration falls off
rather differently from the exponential model. The SPIRE data on the infra-
red radiance level provide a base to determine the concentration of the
observed atmospheric species as a function of the altitude. From our point

of view, the radiance level data of O Heo and NO and other minor species

3?
provided the first measured data which revealed the distribution of these
species at high altitude.

The radiance level data of 03 observed at a tangent height of 80 km
show & rather dramatic change from the day to the night side, while the
density of the excitation photons remains unchanged between these two

periods. A mechanism which causes the diurnal change must be sought in

some photo-chemical effect triggered by the ultraviolet photons.

Modification Applied to the BGND Program

In the course of our study, we made an extensive use of four computation
11,12
programs: the BGND written by Degges of Visidyne, Inc.z the LOWTRAN by Selby

1 5,6,T
of then AFGL; the FLASH by Bléttner of Radiation Research Associates, Inc.; >

and the FASCODE by Clough et al of Afé%:16We applied some modifications to
these programs for improvement of the execution efficiency. The operating
system of our central site computing facility is designed to accommodate a
large number of the remote terminals. Because of the operating system, we
found that the program executes more efficiently if its working space required
is reduced in size from the original. We divided these programs into small
sections, achieving their executions through our remote terminal possible

during the regular hour. In addition, inefficient IO operations found in

these programs are streamlined to meet our specific needs and to reduce a
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computational waste. We have consequently achieved a substantial improvement
in running these programs. Our strategy for using the FLASH program was
described in our Report No. 1. Overall modifications, except for the BGND,
did not extend to rewrite their computation algorithms. We feel that they
have no specific merit for their coverage in this report. The case for the
BGND is different. Our modification is listed in the Appendix. A general

logic flow of the program execution is illustrated in Figure 8.

Other Efforts

(1) For the balloon-borne experiment, we evaluated the test datas on the
interferogram PCM telemetry scheme. We found some mysterious bit
droppings in the PCM interferogram data string. A substantial effort
was poured to resolve this mystery in a joint effort with the Idealab
and the AFGL. No conclusions were made on this problem. Our effort
was switched after a new contract for the balloon-borne date analysis
became effective.

(2) A very efficient CRT display program for the CYBER system was written
by R. Lauzzana. Its listing is given in Appendix B.

(3) In anticipating a large amount of the CYBER generated plots, we
implemented a micro-computer controlled linkage between our plotting
machine and the CYBER MODEM scheme. The program implemented on ROM of

the 8080 system is listed in Appendix C.

Conclusion

The SPIRE experiment is in a sense a historical event in the progress of

atmospheric physics. Even though the data were collected using a simple

spectrometer radiometer, their merit is extremely valuable in developing our under-

standing of the atmospheric radiative process. Our simple-minded model

28
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achieved a good success in understanding the radiance level of the major

atmospheric 002 bands. We believe that our constructed model provides a
good insight into the atmospheric radiative process. Qurs.is no different
from the aforementioned computation programs, since all of these are
constructed on the same theoretical development. Ours attempted to model
the radiative process in the simplest form possible required for providing
| a good estimate of its level.

There will be no question that the data will be collected with an
improved spectral resolution, as time will progress. Then we will come to
understand more details of the radiative process in the atmosphere. 1In so
doing, we will be more appreciative of those aforementioned computation

: programs. At this moment, our simple-minded model functioned reasonably
well for analysis of the SPIRE data, revealing a basic character of the
infrared radiance level in the upper atmosphere, as well as some abnormal
feature which must be studied more carefully in the future.

The following list summarizes our model of the radiative process
in the upper atmosphere:
) ; (1) In the upper atmosphere, the molecular absorption transitions which
trigger the emission are well approximated by assuming that they

originate from the ground state.

(2) The photons available for exciting the molecular transitions are

C - -

L -
R Bt e ———— S A o

either those of the telluric origin or of the solar origin. The

cross-over takes place in the vicinity of 2000'cm-l.

. W -

{3) Below the critical altitude, the molecular bands establish a local

-

thermal equilibrium with the photon field. The radiative level given

by the bdlackbody radiation formula is maintained over a large range

-
—
.

of altitude if the absorption is very strong. It is independent

N
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of the observation condition and of the scattering radiance level.

(4) Well above the critical altitude, the radiative level of the molecular
band is proportional to the molecular concentration at that altitude

in the first-order approximation.

(5) The scattering radiance level in the near infrared region is primarily

determined by the Rayleigh process with a single scattering center.
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